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latrodnctioB 

>ntroaroiiiatic  conqxHinds,  paiticulariy  nhrotoluenes  used  as  e3q)losives  and  mtroaromatic 
herbiddes  such  as  dinosd),  are  serious  environmental  contaminants  at  industrial  locatkms 
nationwide.  Research  performed  during  the  1970s  (IS,  18)  generally  indicated  that  conqdete 
biomineralization  of  2,4,6-triiiitrotoiuene  (TNT)  and  amilar  highly  nitrated  conqxxinds  did  not 
occur.  Biological  reductions  (R-N02-)>R-N0-»R*NH0H*->R-NH2)  and  pdymerizatimi  reactions 
q)peared  to  occur,  but  actual  degradation  of  aromatic  nucld  was  not  observed.  However,  tins 
work  involved  studies  of  aerobic  systems  such  as  activated  ahidge  and  thermophilic  conqjosts,  and 
pure  culture  studies  of  aerobic  fiin^  and  bactoia  sudi  as  pseudomonads.  Pure  cultures  of  some 
anaerobic  bacteria  such  as  Veillonella  alcakscens  (35)  were  examined,  with  similar  results. 
Boopatl^  and  Kulpa  (2)  recently  isolated  a  Desu^ovibrio  that  used  TNT  as  a  sde  source  of 
nitrogen,  producing  toluene  as  an  end  product.  KPseudomonas  that  produced  dimtrotohiene, 
mononitrotohiene,  and  toluene  from  INT,  pethi^  by  hydride  additions,  was  isolated  by  Duque  et 
al.  (10).  These  are  still  inconq)lete  d^radadons  of  the  parent  molecule.  Since  the  Desu^avihrio 
strain  required  obligatdy  anaemic  conditions  to  produM  toluene  from  TNT,  and  the 
Pseudomonas  did  so  ae^icalty,  the  TNT  transformation  process  may  be  mechanistically  different 
in  the  two  microoiganisms.  This  should  be  a  fruitfol  area  for  fiiture  research. 

It  has  recent^  been  found  that  obligatdy  anaerobic  miaobial  consortia  can  mineralize  many 
recalcitrant  chemicals  (toluene,  chloroform,  benzene,  chlorophenols,  etc.)  that  had  been 
considered  essentially  nonbiod^radaUe  in  the  absence  of  o?^en  (19, 20, 21).  Extensive  work  at 
the  Univerdty  of  Idaho  with  obligatdy  anaerobic  microbial  consortia  indicates  that  these  systems 
are  ciq)able  of  conqrlete  biodegradation  of  nitroaromatic  pollutants.  Work  with  2-sec-but^-4,6- 
dinitrophenol  (dinosd))  has  shown  conqrl^  fermentation  of  this  nitroaromatic  pollutant  in  s(^ 
by  aiuierobic  consortia  without  buildup  of  aromatic  biotransfonnatkm  products  (16, 17).  Sinular 
results  were  observed  with  a  variety  of  nitrotdiMnes  and  munhkms  reddues,  induding  TNT  and 
trimetlqdnitramine  (RDX)  under  aiqntqrriatdy  controlled  condhirms  (12, 13).  In  the  work  with 
TNT  a^  RDX,  hydror^aromatics  were  obsoved  as  metabolites  of  TNT.  llieir  fvesence 
indicates  a  complex  series  of  reductive  and  hydrolytic  reactions  that  led  to  the  amversion  of  TNT 
to  products  that  can  be  fermented  by  members  of  the  consortia.  Additicmal  wmk  with 
radiolabded  TNT  is  required  to  clarify  these  pathways  and  [xrovide  overall  mass  balances  for  the 
various  TNT  biotransformation  products 


D^nidation  of  Nitroaromatic  Compounds  by  an  Anaerobic  Consortinm 

Although  several  anaerotnc  miaoi^  systems  have  been  described  for  d^rading  armnatic 
chonicals,  little  practical  information  has  been  availaMe  on  using  sudi  cultures  to  Imremediate 
nhroaromatic-contaminated  soils.  The  method  of  Funk  et  al.  (12, 13),  devdqwd,  patemed,  and 
licensed  at  the  Univershy  of  Idaho,  appears  to  be  useful  frn*  Inologically  remediating  nhtoatomatic 
herbicide-contaminated  soils  and  oqplosives-contaminated  soils,  such  as  those  from  agricultural 
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dienucalqNn8He8iiidiiiilhaiyiiiuiiitkmsdq)0t8(^^  For  exaiq[)le.  12,000  mg/kg  <^TNT, 
3,000  mg/l^  of  RDX,  and  300  mg/kg  of  octafaydro-l,3,5,7>tetiamtn>>l,3,S,7-tetrBazocine  (HkCK) 
werefiHindascontaminantemasoiluaedasamoddtystemtodcvdopthetedinology.  A 
c(msortium  of  anaerobic  bacteria  transfisnned  these  ctxttaminants  to  ncHitoxic,  ncmaromatic,  and 
aerobically  mineralizable  end-products,  including  various  organic  adds.  We  have  now  b^^n  the 
process  of  characterizing  the  microtHological  components  of  this  bioremediation  system. 

When  a  soil  inoculum  from  this  consortium  was  added  to  a  buffer  solution  at  near  neutral  pH 
containing  a  soil  from  a  U.S.  Am^  munitions  she  near  Umatilla,  Or^on,  TNT  was  conqiletdy 
removed  within  S  days,  and  RDX  within  24  days  (13).  We  tracked  the  &te  of  the  TNT  mdecule 
to  reduced  aminonhro  compounds,  then  to  partKxtaoX  and  other  yet  to  be  identified 
intermediates.  Nonatomafic  volatile  orgamc  adds,  such  as  acetate,  were  observed  as  ultimate 
products  of  anaerobic  TNT  degradatioiL 

To  investigate  the  pathway  for  the  strictly  anaerolHC  nucrol»al  d^radation  of  TNT,  an  anaerobic 
bench-top  reactor,  initially  established  with  a  sewage  shidge  inoculum  in  1989,  was  supidemented 
periodicdly  idth  a  mbctuie  of  TNT  and  other  munitions  conqxxmds  as  a  sole  carbon  source.  The 
feed  contained  mostly  TNT,  but  also  significant  amounts  of  RDX  and  HMX,  and  trace  amounts 
of  many  other  munitions-derived  con^xHinds.  These  conqKxinds  were  supplied  in  a  defined 
medium  coritainiiig  essoitial  itiorganic  nutrients.  As  the  culture,  a  crmsortium  of  anaerobes, 
adrqited  over  time  to  utilize  the  TNT,  the  reactor  went  through  sequential  stages  of  adrqrtation, 
cha^erized  1^  the  accumulation  of  qjedfic  ITTr  metabdhes  identified  by  HPLC,  GC/MS,  a^ 
i4C-radiolabded  tracer  studies  (Funk  et  al.,  1993a). 

The  first  metabolites  to  accumulate  in  culture  supernatants  were  the  reduced  intermediates  4- 
amiriO-2,6-dinitrotoluene  and  2,4-diamino-6-nitrotoluene.  A  second  stage  of  adaptation  led  to  the 
disappearance  of  these  intermediates  and  the  accumulation  of  2,4,6-triliydroxytoluciie.  In  a  third 
stage  of  adaptation,  2,4,6-triliydroxytoluene  gave  way  to  ;^<resoi  (4-metli^phenol).  After  three 
years  of  selective  pressure  for  growA  on  munitions  compounds,  tlus  reactor  accunuilated  acetate 
in  the  supernatant  and  the  headspace  as  the  first  identifiable  nonaromatic  TNT  d^radation 
product.  This  adapted  culture  was  used  to  estaUish  optimal  conditions  to  maximize  TNT 
degradation  rates.  When  fed  the  munitions  nuxture  (final  TNT  concentration,  125  mg/lher),  the 
reactor  accumulated  detectable  amounts  of/>-aesol  in  14  dt^.  This  bench-top  reactor  has 
proven  useful  in  verifying  the  pathwi^  of  anaerobic  TNT  d^radation  to  mineiidizable  products. 
The  probable  pathway  is  presented  in  Figure  1.  Since  this  pathway  is  based  only  (m  results  of 
characterizations  of  TNT  metabolites,  it  must  be  conadered  as  tentative.  It  remains  to  be 


determined  i^di  metabolites  rq>resent  primary  pathway  intermediates,  and  ^iriiether  multiple 
pathways  are  occurring  simultaneously.  Future  studies  vrith  pure  cultures  isolated  from  the 
consortium  will  help  answer  these  questions. 


We  also  examined  the  culture  parameters  that  affect  the  anaerobic  Inoremediation  of  soils  l  oo _ 

contaminated  with  TNT,  RD^  and  HMX,  in  effmts  to  optimize  the  pliysical  and  diemical  - 

conditions  promoting  their  degradation.  We  fiooded  the  soils  with  SO  mM  phoq^hate  buffer,  - 

added  starch  as  a  supplemental  carbon  substrate,  and  incubated  the  soils  unto  static  conditions.  _ 

Aerobic  heterotrophs,  naturally  present  in  the  soil  or  added  as  an  inoculum,  quickly  removed  the-^v 

aau/or 

?il3t  j 
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oxygen  from  the  static  cultures,  creating  anaerobic  conditions.  As  observed  previously,  TNT  was 
removed  from  the  s(^  cultures  by  the  strictly  anaerobic  miat)flora  within  4  di^.  The  reduced 
imermediates  formed  from  TNT  and  RDX  were  renaoved  frmn  the  cultures  within  24  days. 
Optimal  conditions  were  pH,  6.5  to  7.0;  temperature,  25  to  35X,  nitn^en  source,  25  and 
redox  potential,  -100  to  -300  mV.  Dq^adation  rates  were  improved  vriien  25  niM  ammonium 
chloride  was  added  to  cultures  buffered  with  50  mM  potassium  irfioq>hate,  but  50  mM  ammonium 
pho^hate  buffer  cmiq)letdy  inhibited  TNT  reductioiL  When  soils  were  incubated  under  aerobic 
conditions  or  under  anaeroUc  conditions  at  alkaline  pH,  the  TNT  biod^radation  intermediates 
polymerized.  Polymerization  was  not  observed  at  neutral  to  slightly  addic  pH  under  anaerobic 
conditions.  Polymerized  TNT  compounds  are  insoluble  in  the  aqueous  pha^  so  it  is  crucial  to 
determine  whether  true  d^radation  of  TNT  is  taking  place,  or  if  mily  sinq)le  products  of 
polymerization,  which  ate  still  toxic  or  mutagenic,  are  being  formed.  The  conq)letion  of  the  first 
stage  of  remediation  of  munhions-contaniinated  soils  resulted  in  aqueous  supernatants  that 
contained  no  munitions  residues  or  amino-aromatic  conq>ounds  (13). 

Our  eariy  woric  with  dinosd),  a  nhrophenolic  herbicide  commonly  found  as  a  soil  contamiiumt, 
showed  that  under  microaerophilic  conditions,  it  is  transformed  to  perristent  nuihimeric  forms 
that  remain  toxic,  vriiile  under  well-aerated  conditions,  no  degradation  occurs  (29).  However,  in 
studies  pre-dating  our  munitions  work,  we  enriched  an  anaerobic  consortium  that  fermented 
dinosd)  and  other  nitroaromatic  compounds  under  methanogenic  conditions  (16, 17).  These 
initial  observations  ultimately  led  to  our  treatment  of  soils  containing  conq>lex  mbctures  of  TNT, 
dinitrotoluenes,  mononhrotoluenes,  nhroboizoates,  and  rdated  conqxnmds  (33),  ^ch  showed 
that  all  contaminants  could  be  removed  to  below  detection  limits  of  gas  chromatognq>hy/mass> 
spectrometry.  Even  though  biological  treatment  of  several  of  these  conqxxmds  in  w^-aerated 
cultures  has  been  desoibed,  many  of  them  are  subject  to  polymerization  reactions  under 
microaerophilic  conditions,  i^ch  are  almost  certain  to  occur  in  soil  treatnaent  systems  that  are 
not  maintained  absolutely  anoxic  (18). 

We  have  determined  (17)  that  the  optunal  in  vitro  conditions  for  dinosd)  biod^radaticHi  differ 
slightly  from  those  for  TNT:  carbon  source  (carbohydrates,  particularly  starch),  5  g/liter,  nitrogen 
source  (ammonium  chloride),  4  g/liter,  tenqrerature,  25X  (range  KMO^C);  pH,  7.0-7.5;  and 
redox  potential,  <-200  mV  (range  -200  to  -500  mv).  Data  collected  during  a  demonstration 
project  in  which  40  tons  of  dinoseb-contaminated  soil  underwent  bicHeroediation  indicated  that  the 
dinosd)  level  was  reduced  to  below  the  analytical  detecticMi  limit  (0.5  mg/kg)  in  less  than  25  days 
(32).  Summary  data  wa%  reported  in  a  U.S.  Environmental  Protection  Agency  Superfimd 
Innovative  Technology  Evaluation  bulletin  (32). 


Isolation  of  Pure  Cultures  That  Degrade  TNT 

Pure  cultures  of  obligate  anaerobes  that  d^rade  TNT  have  now  beat  isolated  by  three 
researchers  in  our  group.  A  gram-positive,  rod-shrqied  bacterium  aq>aUe  of  growth  in  rurtrient 
media  containing  30  ppm  TNT  and  50  ppm  RDX  (27)  was  shown  to  d^rade  TNT  arxi  RDX 
sequentially  in  a  manner  similar  to  the  one  previously  described  fisr  our  consortia.  TNT  was 
removed  first,  followed  by  RDX.  An  API  AN-IDENT  culture  identification  test  indicated 
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Chstridhm  htfermemtms  as  the  closest  match,  an  idendficatkm  siqpported  by  urease  and  motility 
tests  and  an  filNA  gene  secpience.  Other  CibsiHdhiinspp.  are  kno^  to  be  d)le  to  reduce 
nitroaromatic  ctunpounds  (2S,  26),  but  do  not  catabohze  TNT  b^mid  sinqde  reduction  pathw^. 
The  TNT  and  RDX  pathways  em^oyed  by  Clostridium  hifermentans  have  yet  to  be  duddated. 

Biod^radation  of  TNT  by  a  strictly  anaerobic  bacterial  co-culture  was  miginally  observed  in  our 
lab  in  1993.  The  co-culture  was  isolated  from  our  three-year-old  anaerobic  Uoreactm’  that  had 
been  fed  only  munitions  compounds,  by  streaking  san^>les  from  the  Imreactor  cmto  agar  plates 
containing  a  mineral  salts  medum  phis  100  ppm  TNT.  Prdiminary  evidence  suggested  t^  the 
co-culture  d^rades  TNT  fermentidvely,  prolong  volatile  organic  adds,  and  that  it  probably 
metabolized  TNT  effidently  only  vriien  a  co-substrate  (e.g.,  ghicose  ot  yeast  extract)  was 
provided  (impublished  data).  Apparently  the  agar  in  the  original  isolatimi  medium  provided 
contanunating  nutrients  suffident  for  formation  of  colomes  whose  growth  was  primarily  at  the 
expense  of  TNT. 

The  co-culture  consisted  of  two  gram-positive,  strictly  anaerobic  rods  with  heat-resistant 
endospores,  i^iparently  a  ClostrkUum  spedes  and  another  similar  coccoid  bacterhiiiL  The  culture 
grew  on  plates  as  a  mixture  of  white  and  clear  colonies,  but  both  cdtmy  types  contained  co- 
cultures  of  the  two  cdl  types,  as  shown  by  scanning  electron  micrognqihs  (SEM)  of  a  r^ute 
colors,  and  transmission  dectron  micrognqihs  (TEM)  of  a  dear  cdony.  As  described  bdow,  co¬ 
cultures  obtained  from  stocks  derived  from  both  the  wlute  and  dear  colony  types  bdiaved 
timilariy  in  TNT  d^radation  eiqieriments  (28).  Very  recent^,  woridng  the  white  co-culture, 
we  have  successfully  sqiarated  the  two  cdl  types  from  one  another. 

To  examine  TNT  d^radation  by  the  co-cultures,  we  used  standard  tedmiques  employing 
anaerobic  serum  bottles  (28).  For  the  d^padation  mqierinients,  a  vitamin-suppleniented  minimal 
medium  (1 1)  was  used,  with  or  vrithout  additiond  starch  (2%  wt/vol).  SluniedTNT-contaminaled 
soflfromifaeUmBllB,  Oregon,  ake^MBUsedinplaoeofpure TNT.  Initiai  TNT  concentrations  were 
determined  after  dissolution  of  TNT  from  the  soil  matrix.  Residual  TNT  and  the  appearance  and 
disrq)pearance  of  TNT  d^radation  intermediates  were  monitored  by  HPLC.  The  co-cultures 
degraded  TNT  to  nonaromatic  products  within  24  hours,  in  a  process  stimulated  by  stardt  Co¬ 
cultures  from  both  i^iite  and  clear  cdonies  were  sqxuratdy  examined  for  TNT  d^radation  in  the 
presoice  and  absence  of  starch.  Use  of  Idlled  controls  allowed  us  to  examine  whether  TNT 
biodegadatk»intiieUmatihscdcoddbemBduiedbyenrichmedofthenBiuBdinicroflara,orwfaether 
inoculation  with  the  TNT-d^rading  dostri^  culture  was  required  for  TNT  d^redation. 

The  results  of  this  oq)eriment  are  summarized  in  Figure  2.  The  autoclaved,  uninoculated  soil 
(sample  A)  and  the  formalddiyde-killed  uninoculated  soils  (sample  B)  showed  no  TNT 
degradation,  nor  did  the  nonsterile  Unuttilla  soil,  even  upon  addition  of  starch  as  a  cosubstrate 
(sample  D).  Thus,  this  soil  did  not  contain  an  anaeroUc  mioofiora  that  could  be  reachly  enridied 
to  d^rade  the  TNT,  a  conclusion  we  have  rq>orted  in  the  past  (13).  Previous  bioremediations  of 
Umatilla  soil  have  always  involved  inoculation  of  the  soil  with  a  conq>etent  microflora  fix>m 
another  soil.  When  nonsterile  soil  was  inoculated  with  either  the  wl^  or  dear  dostridial  co- 
cuhures^  we  observed  TNT  degradation,  wlddi  was  generally  more  ra|»d  in  the  presence  of  added 
starch.  In  recent  experiments  we  have  ftxind  that  a  10%  dostridial  inoculum  Wh  a  3%  (w/v) 
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addition  of  starch  resulted  in  conq>lete  removal  of  100  pjpm  TNT  frmn  the  s(^  in  24  hours  at 
room  tenq>erature.  Transient  intermediates  detected  as  a  result  of  TNT  d^radadon  include 
4-amino-2,6-dinitrotoluene  (4A>2,6-DNT)  and  2,4>dianuno^nitrotoluene  (2,4-DA-6-NT). 

These  intermediates  accumulated  during  the  eaify  phases  of  TNT  d^radation,  but  were  then 
removed.  Thus,  both  of  the  clostridial  co-cultures  were  capable  of  Inoremediating  Umatilla  soil 
containing  100  ppm  of  TNT.  Higher  concentrations  have  not  yet  been  examined.  However,  soils 
from  Wddon  Spring,  Missouri,  containing  2000  or  more  milligrams  TNT  per  kilogram  were 
treated  successfijlly  in  field  trials  employing  anaerobic  consortia  (33).  Since  the  solubility  of  TNT 
in  aquernis  solution  is  about  100  mgdher,  it  must  be  solubilized  as  it  is  degraded.  Thus,  very  high 
concentrations  of  TNT  (above  solubility)  ^rparently  do  not  present  a  proUem  in  terms  of  toxidty 
to  the  Clostridia  in  our  ^stem. 

We  have  also  examined  the  bioconversion  of  tetramethlyenetetranitranune  (HMX)  and 
trirnethylenetrinhrocitrainine  (RDX),  which  are  aliphatic  compounds  common  in  explosives. 

After  demonstrating  a  sequential  bioconversion  o^  first,  TNT,  and  then  RDX  by  an  anaerobic 
consortium  (13),  we  investigated  this  sequential  process  fiirther  (27),  b^jnning  with  the  isolation 
from  our  mixed  munitions-degrading  consortium  (12, 13)  of  an  obligatdy  anaerobic  bacterial 
isolate  capable  of  removing  RDX  fi'om  its  environment.  Of  several  dissimilar  isolates,  the  one 
chosen  for  fiirther  study  was  KMR-1,  a  strain  of  Clostridhm  kifermentans  that  d^raded  the 
most  RDX  in  72  hours.  Electron  micrographs  showed  it  to  be  a  pure  culture.  The  organism,  a 
motile,  urease-n^ative,  gram-positive,  anaerobic  badlhis,  is  apparently  similar  in  general 
properties  to  strains  previously  isolated  by  our  grmip.  The  growth  of  strain  KMR-1  was 
monitored  by  OD  at  600  nm  in  the  presence  of  explosives  and  dififerent  redudng  conditions.  In 
nonreduced  media  containing  no  exploaves,  strun  KMR-1  grew  nqiidly  and  maintained  a  very 
high  OD,  ^)^e  on  media  containing  oqilosives,  it  grew  much  more  slowly,  regardless  of  the 
reductant.  In  all  cases  there  was  a  agi^cant  time  in  strain  KMR-1  grown  in  media  containing 
explosives.  Data  on  the  biotransformation  of  e?q)lo^es  by  strain  KMR-1  during  growth  in 
explosive-containing  media  under  different  redudng  conditions  are  shown  in  Figures  3-5. 

In  all  three  media,  the  transformation  of  TNT  occurred  prior  to  the  transformation  of  RDX.  Cell 
numbers  did  not  increase  until  TNT  concentrations  approached  their  minimum.  Once  the  TNT 
concentrations  dropped,  an  increase  in  cdl  denaty  occurred,  with  concornitam  co-metabolism  of 
RDX.  As  the  concentration  of  RDX  reached  its  minimum,  the  cell  density  in  the  culture  readied  a 
maximum.  In  abiotic  controls,  concentrations  of  RDX  did  not  decrease  in  any  of  the  reducing 
treatmerns,  but  concentrations  of  TNT  deceased  in  all  treatments.  A  trend  was  seen  in  the 
amount  of  abiotically  transformed  TNT  and  the  theoretical  Eh  of  the  media.  The  more  reduced 
the  medium,  the  greater  the  amount  of  abiotic  rechiction  of  TNT.  In  all  treatmoits  the  amount  of 
biotically  transformed  explosive  was  greater  than  the  amount  of  abiotically  transformed  eiqilosive. 

Funk  et  al.  (13)  reported  that  the  biotransformation  of  TNT  occurred  over  an  experimental  time 
fitune  of  4  days,  and  RDX  over  24  days.  This  long  period  required  for  the  observed  biotic 
transformation  may  be  due  to  the  limited  amount  of  growth  substrate  supplied  to  the  consortium 
in  these  esqiaimaits.  The  comparativdy  short  time  required  for  biotic  transformation  of  TNT  and 
RDX  in  the  pure  culture,  4  hoivs  and  23  hours  re^iecthrdy,  may  be  due  to  the  ridi  substrate 
supplied  to  strain  KMR-1.  In  both  these  groups  of  cqieriments  (13, 27),  the  biotransformation  of 
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TNT  took  (dace  befbie  that  of  RDX,  sqniated  a  iboit  lag  time  of  qipraximatcfy  2  hours.  This 

time  lag  niay  rqmsent  the  time  required  for  the  bacteria  to  devek^  the  oeflular  machinefy  to 
biotransform  the  RDX.  Thus,  our  acaimulated  evidence  indicates  that  the  oiganiams  roqKMisible 
for  the  Itiotransformation  of  both  RDX  and  TNT  in  our  eoridonents  i»obably  are  dostridhm 
bifermentans  and  closdy  rdated  strains.  The  bioconversimi  of  RDX  and  Tt^  occurs  under 
anaerobic  conditions  both  in  the  consortium  and  in  pure  culture  without  the  need  of  an  added 
reductant,  and  TNT  is  d^raded  before  RDX.  The  presence  of  a  readily  metabolizable  carbon 
source  accderated  both  biotransformations.  bi/Sfnfieitmm  was  readily  a^ 

reprodudbly  isolated  from  all  our  enrichments,  which  contain  very  high  numbers  of  clostridial 
eiidospores  (9, 27). 


Physkriogy  of  Anaerobic  TNT  Biodegradation 

As  discussed  above,  an  anaerobic  TNT-d^rading  mixed  culture  was  established  by  combining  1 
liter  of  an  anaerobic,  dinosd>-degrading  microbial  consortium  (29)  with  fresh  anaoobic  sewage 
sludge.  Neither  the  sludge  nor  the  enrichment  could  transform  TNT  beyond  reducing  the  4-  and 
2-nitro  groups  to  amino  groups.  The  consortium  was  maintained  by  periodic  feeding  with  a 
munitions  fe^  solution  that  contained  TNT,  RDX,  and  HMX  as  the  imyor  contaminants  (13),  and 
allowed  to  acclimate  to  the  munitions  compounds  for  13  months.  Intermediates  other  than  the 
amino-substituted  toluoies  accumulated  sequentially,  e.g.,  methyl  phlorc^ucinol  and  /Mxesol 
(12).  Fresh  anaerobic  sludge  was  added  to  the  culture  tvtice  during  the  first  year  of  acclimation  to 
restore  a  lost  methanogenic  population.  The  consortium  iq)peared  to  stabilize  after  the  first  year. 
Removal  of  the  amino-substituted  intermediates  to  below  detectable  limits  usually  occurred  within 
18  to  28  days  of  feeding.  After  two  years,  the  consortium  was  modified  by  adding  a  portion  to 
firesh  sewage  shidge  and  fiesh  medium  (1 1).  At  the  same  time,  fresh  medium  was  added  to  the 
original  consortium.  Both  consortia  continued  to  produce  methane  from  the  munitions  feed.  The 
subenrichment  that  had  recdved  sewage  sludge  was  used  for  the  isolation  of  culture  LJP-1. 

Through  electron  microscope  examinations,  LJP-1  originally  qrpcared  to  be  a  co-culture  of  two 
heat-resistant  bacteria,  a  rod  and  a  coccus.  It  was  purified  to  a  sin^e  strain,  the  rod-shq>ed 
bacterium,  by  heat  treatment  at  for  20  min.  The  bacterium  was  a  gram-poative  (n^;ative  in 
older  cultures),  non-motile,  strictly  anaerobic  rod  with  heat-stable  ^res,  identified  as  a 
Clostridium  strain  (8). 

Experiments  were  performed  to  detomine  ^friiether  UP-l  could  grow  in  a  defined  medium 
containing  TNT  as  a  sole  carbon  and  nitrogen  source.  A  control  without  TNT  showed  no 
increase  in  cell  numbers  after  24  h,  vriiile  the  culture  with  SO  ppm  TNT  showed  an  increase  fix)m 
10^  to  10^  cells/ml  24  h  after  inoculation,  i^wn  the  cdls  appoired  largdy  as  ^res.  The  aqueous 
phases  of  the  cultures  were  assayed  by  HPLC  (20).  UP-l  produced  and  then  removed  several 
mqor  TNT  degradation  intermediates,  including  4-amino-2,6-dinitrotoluene,  2,4-diamino-6- 
nitrotohiene,  and  2,4,6-trihydroxytoluene,  within  24  h  after  inoculation.  No  nitroaromatic 
intermediates  were  seen  after  24  h.  The  predominant  orgaiuc  adds  present  after  24  h  were 
isovalmc,  heptanoic,  isocrqnoic,  valeric,  butyric,  isobutyric,  and  formic  adds.  from  ^^-TNT 
was  fouixl  in  these  fiuty  adds  (unpublished  data). 
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This  was  our  first  observatkm  of  a  defined,  obUgatdy  anaerobic  cuhure  that  could  d^rade  TNT 
provided  as  a  source  of  cafbon  and  nitrogen.  The  culture  cmiverted  TNT  to  a  mixture  of  vdatile 
organic  acids  and  a  small  amount  of  carbon  dioxkle  via  a  fermentative  pathwi^  ^qMrentfy 
differing  fitxn  that  of  most  ChstrldHan  apedes  by  producing  at  least  fi^  dififerem  mganic  adds 
fix>m  the  seven-carbon  TNT  molecule. 


Transformation  and  D^radation  of  Mnnitioas  Compounds  by  Strict  Anaerobes: 

OveraH  Perspective 

If  we  examine  all  of  the  available  information  crxiceming  transfixmation  and  d^radation  of 
nitroaromatic  conqxxinds  by  strict  anaerobes,  some  emerging  patterns  can  be  seen.  Worieby 
Boopatfay  and  Kulpa  (2),  Boopa%  et  al.  (4-'^,  Preuss  and  Ri^er  (this  volume),  and  Preuss  et  al. 
(25)  shows  that  sulfiUe-redudng  bacteria  mchaaDesulfijn^Mo  strains  can  use  2,4,6- 
trinitrotohiene  as  an  dectron  acceptor  and/or  nitrogen  source  ndiile  uaiitg  cmnpounds  like  lactate 
or  pyruvate  as  carbon  sources.  TNT  is  reduced  these  strains  sequentially  throu^mmioamitK)- 
and  diamino-nitrotohienes  to  triaminotohiene  (TAT),  which  nu^  accumulate  (m*  be  reductively 
deaminated  to  toluene.  Methanogenic  bacteria  also  reduce  nhrophenols  (14)  and  TNT  (4).  Our 
woric  indicates  that  an  ahemative  route  for  TNT  dr^radation  involves  the  uUquhous  reductions 
to  monoamino-,  diamino-,  and  probably  triaminotohiene,  but  subsequent  reactions  involve 
hydrolytic  displacements  of  the  ainiix)  groups  to  form  po^henols.  Polyphenols  are  then 
reductively  defaydroi^ated  to  yield  sinqiler  phenols  like  p-cnsol  These  ahemative  routes  appear 
prominent  among  Clostridium  strains  isolat^  by  enridiments  on  munitions  compounds.  Th^ 
patterns  are  suinmarized  in  Figure  6. 

There  is  a  great  deal  of  work  stiU  required  to  fimdy  establish  the  centrality  among  anaerobes  of 
the  pathways  in  Fgure  6.  Very  few  enzymes  have  been  examined,  though  there  have  been  smne 
exciting  initial  studies  of  TNT  and  DANT  reductases  in  some  systems  (Preuss  and  Ri^er,  this 
volume).  The  conqilexhies  of  dectron  transit  to  TNT  and  various  otointennedaiy  substrates 
need  attentioa  Msi^inlemiedatesstininust  be  idendfiech  for  example;  diose  between  liiaminotoluene  and 
tiil^diojqrtoluene  in  die  efostriefod  systenas;  and  between  tiiaminololuene  and  toluene  in  the  Z)esv(fovr^o 
strains.  A  possible  mechanism  for  the  non-enzymic  convetdon  of  TAT  to  trifaydroxytohiem  is 
shown  in  Fgure  7.  We  have  mentioned  the  likdihod  of  this  conversion  in  a  previous  puUicadon 
(13).  In  theory,  all  these  reactions  would  be  reversible,  but  the  equililnrium  would  be  eiqiected  to 
fiivor  almost  complete  conversion  to  the  deaminated  products.  Thus,  such  a  process  mi^  eiqriain 
how  TAT  is  metabolized  further  under  anaerobic  conditions  thorugh  the  involvement  of  scxne 
non-emymatic,  but  physiologically  productive,  reactions. 

Mass  balances  of  conversion  of  TNT  to  find  products  are  still  largdy  miaang  from  the  literature. 
How  our  Clostridium  strdns  ferment  conqxxinds  like  /voesol  to  mbetures  of  volatile  organic 
adds  is  not  known.  Fortunately,  with  the  variety  of  pure  cultures  now  available,  progress  on 
these  questions  should  be  rapid.  Tediniques  of  modem  enzymology  (e.g.,  capillary  ckctiopharesis 
to  identify  TNT-induced  proteins)  and  molecular  tndogy  (e.g.,  tran^son  mutagenesis  to 
produce  blocked  pathway  mutants)  should  be  particularly  productive.  Finally,  we  should  not  be 
surprised  to  encounter  additiond  variations  on  TNT  caU^lism  not  suggested  by  work  to  date. 
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Other  inqxHtaiit  munitions  contaminants  reeding  study  are  trimedi^enetrinitronitramine  (RDX) 
and  tetrametl^enetetranitramine  (HM?Q.  Strict  anaerobes  appear  to  d^rade  these  conqMunds 
efficiently  (18, 22, 34).  RDX  appears  to  be  reduced  sequentially  to  its  nhroso  derivatives,  and 
formald^de  and  methanol  seem  to  be  biod^radation  products  (22).  The  basis  for  the  diauxic 
process  by  which  both  anaenfoic  consortia  (13)  and  pure  Clostridium  strains  (27)  d^rade  TNT 
fiom  munitions  mixtures  prior  to  RDX  needs  investigation.  Are  different  reductive  enzyme 
systons  used  for  TNT  and  RDX,  and  are  they  induced  sequentially?  Do  similar  enzymes  reduce 
both,  but  preferentially  reduce  the  substrates  and  their  partial  reduction  products  according  to 
thdr  redox  potentials?  For  a  pathway  summary  of  RDX  and  HMX  d^radation,  refer  to  the 
reviews  of  Kiqrlan  (1992)  and  Walker  and  Kaplan  (1992)  discussed  above.  As  with  TNT,  pure 
cultures  of  strict  anaerobes  that  d^rade  RDX  are  available,  so  progress  on  understanding  the 
details  of  these  processes  should  also  be  nqrid. 
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Figure  1.  PrqxMed  pathwi^  for  the  anaeroiuc  biod^jradation  of  TNT.  S(did  Imes,  confirmed 
sequence  of  reactkms;  dashed  lines,  other,  as-yet^midentified  intermeifiates  between  conqxMinds 
(12). 


PPM 


Figure!.  TNT  d^radadon  in  soil  by  co-cultures.  A  (control),  no  inocuhim,  sterile  (autodaved) 
soil,  3%  starch  added.  B  (control),  10%  inoculum  of  ^iriiite  colonies  killed  by  10%  fonnaldd^de, 
sterile  soU,  3%  starch  added.  C,  10%  inocuhim  of  ^^riihe  cdcmies,  sterile  soil.  D(contrd),  no 
inocuhim,  non-sterOe  soil,  3%  starch  added.  E,  10%  inocuhim  of  dear  ccdomes,  sterile  s^.  F, 
10%  inocuhim  of  dear  colomes,  sterile  sdl,  3%  starch  added.  C’  (dadied  lineX  10%  inocuhim  of 
udute  colonies,  sterile  soil,  3%  starch  added. 
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F^nreS.  Growth  curves  of  strain  KMR-1  with  orocooinitaiitbiotrBnsforination  of  the 
reduced  with  cystdne.  Eh--210mv.  Cysteine  *■  0.08%  (wtArol). 


Fignrc4.  Growth  curvet  of  strain  KMR-1  with  oonoomitambiotfinsfbriiittkm  of  the 
reduced  with  dhhionite.  Eh<-600mv.  Dhhionite  «  0.001%  (wt/vd). 


FlgaraS.  Growth  curves  of  itriiiiKMR-1  with 
medium.  Ehwss  not  detennmed. 


2,4,e-THnllrololiMn» 


e- 


(a) 


figure  6.  D^r*ditkm  of  lA^trinhrotduenet^  strictly  inaerotwbtcteria:  (a)  Nbny  stqn, 
probaUy  involviiig  abiotic  and  tnotic  reacticms;  intennedistes  indude  nitroso- byAxngdamine- 
derivati^;  catalyzed  by  a  variety  of  reductive  enzymes  (Preuss  and  Ri^er,  tins  vcAime);  comma 
in  many  anaerobes,  (b)  Observed  in  sulfirte  reducers,  (c)  Observed  in  Ctos^dbun  strand 
(d)  PrdMtdy  enq)ioys  tradhkmal  fennentative^eductive  pariiwitys. 
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2.4,6>TritiydraxyloliiMM 


Figpre?.  Propoted  mwAtmim  faixw-cazynife  convera^  of2,4,6-triaininotohiene  to  2,4,6- 
trihydnnytohiaie. 
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